A new study has found that when a shark turns towards an odor, its directional decision is based on inter-nostril differences in odorant time of arrival, rather than on inter-nostril differences in odorant concentration.
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We humans are visual creatures, and think of the space around us in visual terms [1] . Most animals, however, do not trust their eyes to navigate the world. Many follow their ears -for example, see the supplemental video of a blind cat who can catch flies by sound alone available on-line with this issue -and many others trust their nose to navigate space, as exemplified by rabbit pups finding a nipple [2] , lobsters finding prey [3] , moths finding their mate [4] , pigeons finding their home [5] , or salmon finding their native stream [6] . How do animals extract spatial information from smell?
The distal sensory organs of vertebrates typically come in pairs, and gradients across the two sensors allow extraction of spatial information. The best-known example of this comes from the auditory system, where inter-aural differences allow strikingly accurate localization of sound [7] . Several lines of evidence suggest a similar framework of cross-sensor, or cross-nostril comparisons that can be used to extract spatial information from smell [8] [9] [10] [11] [12] [13] . But what are the aspects of smell that are compared across nostrils? Two prime candidates are odor intensity and the time of odor arrival, yet the relative contributions of these cues to spatial localization of smell remain unclear.
As they report in this issue of Current Biology, Gardiner and Atema [14] addressed this question by mounting an aqueous-odorant-generating device directly on the backs of pool-bound sharks (Mustelus canis). The device allowed delivery of a well-controlled odorant bolus directly into either naris (nostril) of the swimming shark. The authors used a food-odor (crushed squid) that they delivered with various cross-naris time delays and cross-naris concentration differences. When using equal concentrations, sharks turned in the direction first stimulated, despite inter-naris time delays ranging from only 500 milliseconds down to 100 milliseconds. In contrast, simultaneously timed cross-naris concentration differences of as much as 100-fold did not induce turning behavior. Finally, when a dilute odorant was delivered on one side 500 milliseconds before a concentrated stimulus on the other side, sharks still turned towards the side stimulated first. These elegant manipulations allowed the authors to conclude that time of arrival, and not odorant concentration, was the dominant cue in olfactory spatial decision making. This result led them to put forth the convincing suggestion that odorant tracking through a time-of-arrival mechanism has been a driving force in the evolution of hammer-head anatomy, where the nares are distinctly far apart.
Interestingly, when cross-naris time differences were increased to one full second, sharks abandoned their time-dependant directional preference. This may reflect the intrinsic reliability (or lack thereof) of odor plumes as a function of distance from their source. Odor plumes are highly variable across time and space [15] , and information accumulates faster closer to the odor source [16] . Thus, when cues arrive at a higher rate, cross-nostril delays decrease, allowing the shark to conclude that information is reliable and the target is close. By contrast, when cues are dispersed, and cross-nostril delays are inordinately long (a second, for example), the shark can conclude that odor information alone is less reliable, and the target more distant.
In such instances where cross-nostril comparisons loose their value, can olfaction still provide spatial information? Considering that sharks with one naris occluded were nevertheless able to localize prey [17] , one may conclude that odor contains spatial information independent of cross-nostril comparisons. This is consistent with the notion of infotaxis [16] , whereby odor character is transformed in a predictable framework as a function of its dispersion over time and space. Thus, odorant character alone may convey spatial information.
Studies of olfaction are typically constrained by an inherent conflict between the goals of optimal stimulus control on one side and the generation of a naturalistic environment on the other. It is impossible to obtain both. Gardiner and Atema [14] opted for optimal stimulus control, with two potentially restrictive implications: First, to obtain optimal temporal resolution, the authors did not embed the odorant in an ongoing flow, but rather 'shot' a bolus. In other words, there was a tactile cue associated with stimulus onset, and given that olfactory receptors are also mechanoreceptors [18] , it is unlikely that the shark did not register this. Indeed, as noted in the very first attack by Jaws [19] , ''A hundred yards offshore, the fish sensed a change in the sea's rhythm. It did not see the woman, nor yet did it smell her''.
Similarly, the sharks in this study likely sensed the 'change in rhythm' associated with odorant injection. To control for this, Gardiner and Atema [14] used trials of injected sea-water without odor, and found that the sharks did not turn. However, one may argue that the significance of the tactile cue may be manifest only in the presence of odor, and the authors did not conduct a control consisting of temporally offset sea-water stimulation with odor present in the overall water environment. That said, further arguing against this concern, one should also note that when the sharks in fact did turn following a sea-water only stimulation, it was not preferentially in the direction of the first-stimulated side. Although encouraging, this reflected only very few trials, and an influence of tactile stimulation remains viable in our view.
A second potentially impactful deviation from a natural setting was that, in order to obtain optimal spatial resolution, the odorants were injected directly into the nares. Although olfactory anatomy is grossly symmetric, the typical fine ultrastructure of olfactory aparati is asymmetric [20] . Similar to the asymmetry across the owls' ears that contributes to the spatial localization of sound [7] , so may the asymmetry across the nostrils contribute to the spatial localization of smell. Symmetrically injecting the odorant directly into the naris may have obscured any contribution of structural sensor asymmetry, and this may underlie the discrepancy between this and previous studies that suggested odorant concentration as a viable cue for spatial localization of smell.
All that said, the above considerations follow a well-justified decision made by Gardiner and Atema [14] . As noted, it is impossible to obtain both optimal stimulus control and a naturalistic environment. The authors opted for the former, generating a tour-de-force of methodology for stimulus control. This should combine with future efforts stressing a naturalistic setting that together will elucidate the repertoire of mechanisms for extracting spatial information from smell. Odors can be localized. As to the relative contribution of cross-nostril concentration differences, cross-nostril time differences, cross-nostril odor character differences, or infotaxis mechanisms independent of any cross-nostril comparisons: Time will tell.
Supplemental Information
Supplemental Information includes a movie showing remarkable spatial perception of a blind pet cat and can be found with this article online at doi:10.1016/ j.cub.2010.04.048.
The assembly of proteins into the mitochondrial inner membrane had been thought to occur via several distinct pathways. A new study challenges this view and shows that the mitochondrial ABC transporter Mdl1 is assembled into the inner membrane in a modular fashion by two different pieces of machinery.
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The mitochondrial membranes contain around 40% of the organelle's protein repertoire and therefore impact on numerous cellular processes. In particular, the inner membrane is packed with critical integral proteins, including the respiratory chain complexes for oxidative phosphorylation, protein translocases and metabolite transporters. Despite their common location, how these membrane proteins are assembled could not be more varied and has been the topic of intense research.
One such mitochondrial membrane protein is the multidrug resistance-like protein Mdl1, an ATP-binding cassette (ABC) transporter. ABC transporters are present in both eukaryotes and prokaryotes, where they provide for efflux or influx of a diverse range of molecules across membranes [1, 2] . For example, ABC transporters serve as the major multidrug resistance mechanism for pathogenic bacteria and fungi [1, 3] . In mitochondria, Mdl1 and all other known ABC transporters are synthesized as 'half transporters', with each polypeptide being composed of six transmembrane helices followed by a single nucleotide-binding domain (NBD). Assembly of homodimers is therefore required to generate functional ABC transporters (Figure 1) .
Although a small subset of mitochondrial proteins are encoded by the mitochondrial genome and translated on mitochondrial ribosomes, Mdl1 and the vast majority of mitochondrial proteins are encoded by the nuclear genome. Translated on ribosomes in the cytosol, these proteins contain targeting information that will target them to the mitochondrial surface, and thereafter to their required destination within the organelle. Over the past few decades, these targeting pathways have gradually been elucidated and reveal a remarkable set of protein translocation and insertion machines that are specific for the biogenesis of imported proteins [4, 5] .
